We propose a neutrinophilic two-Higgs-doublet model, where the vacuum expectation value (VEV) of the second Higgs doublet is only induced at one-loop level via several neutral fermions.
I. INTRODUCTION
Two-Higgs-doublet models (THDM) are regarded as the simplest extensions of the standard model (SM) by adding one more doublet Higgs field to the Higgs sector [1] . It is the most often studied model because of its rich phenomenology and accommodation of the Higgs sector of supersymmetric models. Nevertheless, THDM's do not have enough matter contents to accommodate the small neutrino mass, at least in its simplest versions, conventionally dubbed as Types I, II, III, and IV.
Here we introduce an additional U(1) global symmetry with a set of exotic fermions and a singlet Higgs field, beyond the THDM. Among the exotic fermions, there are Dirac and Majorana types. The first Higgs doublet field Φ 1 is chosen to be the SM-like Higgs doublet while the second one Φ 2 to be inert at tree level. Yet, a tiny vacuum expectation value (VEV) is generated at loop level for the second doublet, which is then used to explain the small neutrino mass. Such a setup can explain the small neutrino mass without invoking extremely small Yukawa couplings.
In this work, in addition to showing that the model can explain neutrino mass and oscillation pattern, and non-unitarity bound, we also show that it can be consistent with existing limits on the lepton-flavor violations and the oblique parameters. Furthermore, we can have heavier sterile neutrinos of mass O(0.1 ∼ 10) GeV, which are induced by the tiny VEV. Since the model also involves some exotic particles at TeV, we briefly describe the signatures that we can expect at the LHC. This paper is organized as follows. In Sec. II, we describe the details of the model.
In Sec. III, we study the phenomenology and constraints of the model, in particular, the derivations for the formulas of lepton-flavor violations, muon anomalous magnetic dipole moment (g − 2), and the oblique parameters. In Sec. IV, we present the numerical analysis of the model. We conclude and discuss in Sec. V.
II. MODEL SETUP
In this section, we describe the neutrinophilic model in detail, including the bosonic sector, fermion sectors, and the scalar potential. First of all, we introduce an additional U(1) global symmetry. All the fermionic and bosonic contents and their assignments are summarized in Table I . Notice here that the numbers of family for all exotic fermions, except for N R 0 (two families), are three in order to reproduce the neutrino oscillation data, and L ′ and N 1 are Dirac-type fermions, while N R 0 and N R 2 are the Majorana fermions.
For the scalar sector with nonzero VEVs, we introduce two SU(2) L doublet scalars Φ 1 and Φ 2 , and an SU(2) L singlet scalar ϕ. Here Φ 1 is supposed to be the SM-like Higgs doublet, while Φ 2 is supposed to be an inert doublet at tree level. After spontaneous breaking of U (1) via ϕ, the VEV of Φ 2 is induced at the one-loop level via exotic fermions. Thus, a tiny VEV can theoretically be realized, which could be natural to generate the tiny neutrino masses.
In the framework of neutrinophilic THDM's, several scenarios have been considered in literature. For example, a tiny VEV is induced by bosonic loops at one-loop level with a global U(1) B−L symmetry and thus the active neutrinos are expected to be Dirac fermions [2] . The work in Ref. [3] had considered a tiny VEV generated at bosonic one-loop level with a U(1) R gauge symmetry, and all the light SM fermion masses are induced via this tiny VEV while the neutrino masses are induced at two-loop level as Majorana fermions.
Another work in Ref [4] had considered the scenario in neutrinophilic THDM with a U(1) L global symmetry, in which neutrino masses are induced at tree-level as Majorana fermions and they also discussed the possibility of explaining the anomalous X-ray line.
In the framework of type-II seesaw models, there are also several models that a small SU (2) L triplet VEV can be induced at loop levels [5, 6] .
A. Yukawa interactions and scalar sector
Yukawa Lagrangian: With the current field contents and symmetries, the renormalizable Lagrangian in the leptonic sector is given by
where (i, j) = 1 − 3, a = 1, 2,Φ 1,2 ≡ (iσ 2 )Φ * 1,2 with σ 2 being the second Pauli matrix, and the mass matrices in the last line are diagonal without loss of generality as well as y ℓ .
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B. Fermion Sector
First of all, we define the exotic fermion as follows:
then the mass eigenvalue of charged fermion is straightforwardly given by M L ′ in Eq.(II.1).
The mass matrix for the neutral exotic fermions is a 7 × 7 block in basis of Ψ ≡
, and given by
, where M ψα consists of the mass eigenvalues.
Scalar potential
In our model, the scalar potential is given by
where we have chosen some parameters in the potential such that
Here ϕ R is assumed to be the mass eigenstate that suggests the mass of ϕ R is larger than the other mass eigenvalues. G is the physical Goldstone boson (GB) that does not mix with other particles. To achieve the inert Φ 2 , we impose the inert conditions as follows:
A five-demensional operator λ 5 ϕ 3 Φ † 2 Φ 1 can be generated at one-loop level as shown in Fig.1 . The formula is given by
where the explicit expression for
After the spontaneous symmetry breaking, an effective mass term µ
obtained. The resultant scalar potential in the THDM Higgs sector is given by
where µ
and we choose µ 2 12 to be negative, while µ 2 11 to be positive, and assume that v 2 /v ′ ≪ 1. Taking v 2 /v 1 ≪ 1, we finally obtain the formula for the VEV of Φ 2 as
Including their VEVs, the scalar fields are parameterized as
After the spontaneous symmetry breaking, the neutral scalar bosons ϕ R and h 1 mix each other to form mass eigenstates. Note that the VEV of the second Higgs doublet is too small for a sizeable mixing with h 2 . The pseudoscalar components and the charged components are rotated to give the zero-mass Goldstone bosons and the physical pseudoscalar Higgs boson and charged Higgs boson, respectively. They are given in the following expressions:
where O H,C,I denotes the mixing matrices which diagonalize the mass matrices accordingly.
Here Z 0 and ω ± are zero-mass Goldstone bosons to be absorbed as the longitudinal component of the neutral SM gauge boson Z and charged gauge boson W ± respectively. The mass matrices in the right-hand side of Eq. (II.9) are given by the parameters in the scalar potential. For neutral CP-even components we obtain
where
is the SM-like Higgs in our notation, and h 2 does not mix in the limit of
. We also obtain the mass matrices for CP-odd and charged components as
(II.12)
Here we explicitly show the 2 × 2 matrices;
where c α(β) ≡ cos α(β) and s α (β) ≡ sin α(β), and we define v ≡ v
which lead v 1 = v cos β and v 2 = v sin β as in the other THDMs.
which is restricted by the current experimental data at LHC s α 0.3. Note that there is an advantage of introducing fermions inside the loop instead of bosons [2, 3] , because of the positivity of the fermion-loop contributions to the pure quartic couplings. Hence the vacuum stability can easily be realized [7] .
III. PHENOMENOLOGY AND CONSTRAINTS
A. Neutrino masses and Oscillations
The charged-lepton mass is given by m ℓ = y ℓ v/ √ 2 after the electroweak symmetry breaking, where m ℓ is assumed to be the mass eigenstate. Let us redefine the neutral mass matrix M N , its mixing matrix V N and mass eigenvalues M ψ as two by two block-mass matrices for the convenience of discussing the non-unitarity of leptonic mixing matrix [8] :
where (V N ) 3×3 and d 3×3 correspond, respectively, to the lepton-mixing matrix with nonunitarity, and mass eigenvalues of active neutrinos. With several steps, X can be parametrized by
where O is an arbitrary 17×3 matrix with 45 degrees of freedom, satisfying
Next, consider the Hermitian matrix X † X being diagonalized by a unitary
Then the non-unitarity parameter η, which is defined by (V N ) 3×3 ≡ (1 − η)V M N S , should be smaller than the following bounds that arise from global constraints in Ref. [9] |2η| 
where V M N S is the unitary 3 × 3 lepton-mixing matrix that is observed, and
In our numerical analysis, we implicitly satisfy this condition.
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In addition to the bounds on non-unitarity, we further impose the following ranges on where we have used the following neutrino oscillation data at 3σ [10] in case of normal 
and the Majorana phases α 1,2 taken to be
In case of inverted hierarchy (IH) we also impose the following ranges at 3σ confidential level [10] : Future Circular Collider (FCC) proposal [22, 23] . Here let us focus on the lightest sterile fermion ψ 4 ≡ ν s , and its mass is defined by m νs . Since the testability of FCC is provided in terms of m νs and its mixing between ν s and three active neutrinos [24] , we define its mixing as follows:
where θ s depends on each of mass values in Eq. (II.3) . 5 The concrete analysis will be give in the next section.
C. Lepton Flavor Violations (LFVs)
First of all, we rewrite the leptonic interacting Lagrangian in terms of the mass eigenstates as follows:
Then lepton-flavor violating processes ℓ i → ℓ j γ will give constraints on our parameters, where the experimental bounds are listed in Table. II. The branching ratio for ℓ i → ℓ j γ is given by
where α em ≈ 1/137 is the fine-structure constant, C ij = (1, 0.178, 0.174) for ((i, j) = ((2, 1), (3, 2), (3, 1) ), G F ≈ 1.17 × 10 −5 GeV −2 is the Fermi constant.
5 One may consider the possibility of a (decaying) dark matter candidate with a lighter mass scale of keV or MeV, since single photon emission can be possible due to the mixing whose form is the same as the sterile one. However, since the typical mixing of our model at this mass scale is 0.01∼0.0001, which is too large to explain, e.g., x-ray line at 3.55 keV or 511 keV line, which requires a typical mixing 10 −5 ∼ 10 −6 .
Thus, the only possibility to detect in experiments could be sterile neutrinos.
Muon anomalous magnetic dipole moment (g − 2) µ : Through the same process as the above LFVs, there exists the contribution to (g − 2) µ , and its form ∆a µ is simply given by
Although this value can be tested by current experiments ∆a µ = (28.8 ± 8.0) × 10 −10 [13] , one cannot obtain a positive muon g − 2 in the current model.
D. Oblique parameters
Since we have exotic fermions L ′ with SU(2) L doublet, we have to consider the oblique parameters that restrict the mass hierarchy between each of the components of multiple fermions. In our case, the masses between E ′ and ψ a are restricted. The first task is to write down their kinetically interacting Lagrangians in terms of mass eigenstate, and they are give by
Here we focus on the new physics contributions to ∆S and ∆T parameters in the case ∆U = 0. Then ∆S and ∆T are defined as
where s 
where a(b) runs 1 − 20, while α(β) runs 1 − 3. While the boson case are directly given as ∆S b and ∆T b [14] ; As a quantitative aspect, the absolute value of ∆S is always less than 1 in our framework, while the one of ∆T can fluctuate any value depending on the mass differences. Hence fitting the ∆T could be non-trivial and tends to be difficult. In addition, considering that m h 2 can actually be considered as a free parameter and one can always be ∆S = 0, we focus on ∆T .
E. Collider Signatures
Issue of the Goldstone Boson
Here we show the mechanism that can generate a nonzero mass for the Goldstone boson G. The mass is induced at higher order terms via gravitational effects that violate the global U(1) symmetry, and its relevant Lagrangian is given by [19] 
where M pl ≈ 1.22 × 10 19 GeV is the Planck mass. From this dimension-5 operator, one straightforwardly finds the following mass for G:
where v 1 ≪ v ′ is assumed. Here we suppose that the upper bound on m G is O(1) MeV.
The Goldstone boson G has the following interactions after the U(1) L symmetry breaking [20, 21] :
Thus, we have annihilation modes of active neutrino pairs via ϕ R in the s-channel. This can be induced through the mixing among neutral fermions, and their interactions are found to
6 These interactions among G could affect invisible decays, cosmic string and so on. However since these constraints are very weak due to the vector-like current [16, 17] , we do not need to worry about these issues. See also, i.e., Ref. [18] for discussing phenomenologies of GB at collider physics.
where 
IV. NUMERICAL ANALYSIS
Here we randomly select points for the input parameters within the following ranges for both the cases of NH and IH:
where such a range of m h 2 is taken in order to compensate for the fermion-loop contribution of ∆S f , whose typical value is 0.5. In the last line, the range stands for all the elements for 7 In the typical canonical seesaw case, almost all of the region can be tested by the FCC experiment [24] . One might worry about the fact that we have no solution points that can simultaneously satisfy the ∆T constraint and be covered by the FCC experiment. Also, m h 2 may be too small to cause dangerous decays that violate our scenario. One of the simplest solutions is to introduce another boson in isospin doublet. For example, if we assign (2, 1/2, 1/2) under (SU(2) L , U(1) Y , U(1) L ) for a new boson, we can obtain the measured ∆T without violating our discussion above and its neutral component can be a good dark matter candidate as an inert doublet boson. Its mass is at around 500 GeV to satisfy the relic density, which has already be discussed in Ref. [25] .
V. CONCLUSIONS AND DISCUSSIONS
We have proposed a model with two neutrinophilic Higgs doublet fields Φ 1,2 , and the vacuum expectation value of the second Higgs doublet is only induced at one-loop level.
As a result, the active neutrino masses can be naturally generated to be very small via the tiny VEV v 2 . We have also discussed various phenomenology or constraints from neutrino At the end of the discussion, it is worthwhile to mention a new possibility of detecting the Goldstone boson G. According to a recent work [26] , G can be directly tested by the first order phase transitions in the early Universe triggered by discovery of gravitational waves at the experiment of LIGO [27] . All of the valid terms to explain it are involved in our theory,
our G can also be tested near future. Definitions of F (n, α, {A i ; n}) is the followings:
Where {A i ; n} = {A 1 , A 2 , · · · , A n }. The functions have following recurrence relations:
F (n, α, {A i ; n}) = C α (A n−1 − A n ) × (F (n − 1, α − 1, {A i ; n − 2, A n−1 }) − F (n − 1, α − 1, {A i ; n − 2, A n })) , (α = 1)
We can obtain the formula of F (n, α, {A i ; n}) using the recurrence relations and following relations: 
